NEMATODES OF THE genera Heterorhabditis Poinar and
Steinemema Travassos, in conjunction with their symbiotic bacteria, Photorhabdus spp. and Xenorhabdus spp., are pathogenic to many insect pests (Poinar 1979) and are effective biological control agents for soil associated insects (Klein 1990) . Several studies have addressed the efficacy of entomopathogenic nematodes against the house fly, Musca domestica L., in the laboratory and confined poultry environment (Renn et al. 1985; Geden et al. 1986; Belton et al. 1987; Mullens et al. 1987a, b) . Although moderate levels of mortality were observed in petri dish-filter paper assays, virulence was greatly reduced when house fly larvae (maggots) were exposed in chicken manure substrates. Georgis et al. (1987) demonstrated that poultry manure was toxic to infective nematode larvae.
The filth fly breeding substrate in the cattle feedlot environment differs significantly from that of the confined poultry environment. Nitrogenous wastes are This article reports the results of research only. Mention of a proprietary product does not constitute an endorsement or a recommendation bv USDA for its use.
1 Departm~nt of Plant Pathology, University of Nebraska, Lincoln, NE 68583 excreted by cattle as water soluble urea, whereas they are in the form of uric acid in poultry manure. Also, the manure pit of a poultry house would tend to be relatively free of plant material and soil. Manure in feedlots is frequently mixed with soil, grain, and haylage. These differences may make the filth fly substrate in the cattle feedlot environment more hospitable to entomopathogenic nematodes than that in confined poultry systems. Despite these differences, the efficacy of entomopathogenic nematodes for the control of flies in the confined cattle environment has not been explored (Petersen 1993) . In addition, few of the available species and strains of nematodes have been screened against filth flies, and conflicting results have been obtained for some of the nematode species, possibly because of differences in strain pathogenicity (Laumond et al. 1979 , Gaugler 1988 .
The potential for entomopathogenic nematodes to control filth flies in cattle feedlots was determined by screening 40 strains representing 8 species of Heterorhabditis and 5 species of Steinemema for pathogenicity toward maggots. Strains that successfully reproduced in maggots were reared for 10 generations on maggots in an effort to increase pathogenicity toward this host. Finally, the most promising strains were evaluated for pathogenicity and persistence in bovine manure.
Materials and Methods
Nematode and Fly Cultures. Species, strains, and sources of nematodes used are presented in Table l . Classification of nematode strains to species follows that of Poinar (1990) . Nematodes were reared using late-instar greater wax moths, Galleria mellonella (L.), obtained from Grubco (Hamilton, OH) using methods similar to Dutky et al. (1964) . Nematodes were harvested with White traps (White 1927) , quantified by counting the number of nematodes in five, 5-I.d samples and using the average to dilute to solutions to the needed concentration, and stored in tissue culture flasks at 15°C.
House flies were from a 9-yr-old colony collected from a feedlot in the vicinity of Lincoln, NE. Fly larvae were reared on a wheat bran diet at 25°C. Third instars were obtained for all experiments by removing them from the medium after 3 d of development.
Susceptibility of Maggots on Filter Paper. The virulence of Heterorhabditis spp. and Steinernema spp. toward maggots was tested using a filter paper assay. Fifteen 3rd instars were placed in a 9-cm petri dish lined with a filter paper disk (7 cm diameter). One milliliter of nematode-water suspension (= 100 nematodes per maggot) was applied to the filter paper. Water was used for control replicates. Maggot mortality was recorded at 3 d and adult fly emergence was scored at 2 wk. Reproductive success of the nematodes was evaluated by placing cadavers in White traps 7 d after infection. White traps were maintained at 25°C and checked daily for the emergence of infective juvenile nematodes. Nematodes were collected from the White traps and stored in tissue culture flasks at 15°C. Nematodes remained viable for > 1 yr under these conditions, but cultures for bioassays were all <1 mo old.
Selection. Strains that successfully reproduced in maggots were maintained on that host for as many generations as possible. General procedures were the same as outlined in the susceptibility test except 25 maggots were used in each petri dish. Infections were attempted 3 times per generation. If, after 3 attempts, the nematodes failed to reproduce, that strain was dropped from the selection study. After selection for 10 generations, selected lines were compared with lines of the same strain maintained in greater wax moth larvae. The concentrations of nematodes used for this comparison were 500, 125, and 15 nematodes per maggot. Otherwise, procedures were the same as for the susceptibility study. To reduce any effect that parental host might have on pathogenicity, progeny of the original comparisons were tested for 2 additional generations giving comparisons of F 10 with F 0' F II with F l , and Fl2 with F2 selected lines.
Manure Substrate. Two strains of Steinemema feltiae (Filipjev), H. bacteriophora OSWEGO, and H. megidis HF -85, were tested for pathogenicity toward maggots in fresh bovine manure. Manure «48 hold) was collected from the ground. Manure was placed in a pan and mixed until uniform. Samples of manure (150 g wet weight) were partitioned into plastic containers (11 cm diameter, 8 cm deep) with screened holes (7.5 em diameter) in the lid. Two replicates of 100 three-d-old maggots per strain were inoculated with 15,500, 7,500, 3,500, 1,500, 700, or 300 nematodes per container. The different nematode densities were run in successive weeks. The 2 Heterorhabditis spp. were tested at the highest 2 doses, S. feltiae UNK-36 was tested at the highest 4 doses and S. feltiae SN was tested at all 6 doses. Two weeks after initiation, house fly adults were counted in each container. Persistence of nematodes in the manure substrate was examined by placing 5 greater wax moth larvae in each container for 48 h each wk beginning 3 wk after initiation for the 15,500 and 7,500 tests. After 48 h, wax moth larvae were removed to 9-cm petri dishes lined with a piece of moistened filter paper (7 cm diameter) and scored for mortality 2 d later. Dead wax moth larvae were observed for nematode infections. Wax moth larvae from which no nematodes emerged were dissected to check for the presence of nematodes. Water was added to the manure containers once per week to maintain their original weight.
Data Analysis. Filter paper assays were conducted for 3 successive weeks with 3 replications of each nematode strain per week for a total 9 replicates of 15 maggots each per strain. A I-way analysis of variance (AN OVA) with a complete block design (PROC GLM, SAS Institute, 1985) was used to analyze maggot mortality and adult emergence. Mortality data are presented as percentage mortality, although actual mortality was used for statistical tests. A t-test was used to separate the means, and Dunnett t-test (PROC GLM, SAS Institute 1985) was used to compare treatments with controls.
Probit analysis (PROC PROBIT, SAS Institute 1985) was used to calculate LC 50 values for the selection and manure tests using a natural log transformation of the nematode concentrations. Overlap of the 95% fiducial limits was used to determine significance (Fuxa 1987) .
Results
Seven Steinemema strains-So feltiae SN and UNK-36, S. carpocapsae UNK-34, Kapow, Mex-l and Mex-2, and S. scapterisci-produced significant mortality of maggots in the filter paper assay (Table 1 , F = 20.37; df = 42, 326; P < = 0.001). An additional 3 strains of Steinernema and 22 strains of Heterorhabditis produced low levels of infection, but mortality did not differ significantly from the control. Five Steinemema and 5 Heterorhabditis strains failed to infect maggots. Maggot survival and adult emergence did not differ significantly (F= l.99;df= 1, 78;P= 0.162). Very few of the maggots alive after 3 d failed to pupate and emerge as adults. Dissections of unemerged pupae revealed no nematodes. Control mortalities were 0% for the 3-d maggot count and averaged 3% for the adult emergence count. Inspection of cadavers for several weeks following infection revealed successful repro-E~VIRONMENTAL ENTOMOLOGY Vol. 27, no. 6 duction and new infective juveniles for 20 nematode strains-l0 Steinemema and 10 Heterorhabditis ( Table  1) . Six strains of Steinemema reproduced for 10 generations in maggots ( Table 2) . Comparison of selected and un selected lines indicated that the selection procedure had no effect on the virulence of the nematodes toward house fly. LC. 50 values for S. feltiae ranged from 10 to 18 infective nematodes per host, whereas those for S. carpocapsae and S. scapterisci ranged between 38 and 55 infective nematodes per host.
Two strains of S. feltiae and 2 Heterorhabditis species (Table 3) were evaluated for their virulence toward maggots in manure. Each caused a reduction in the number of house fly adults emerging, although LC 50 values for the Heterorhabditis species were higher than those for S. feltiae. The LC 50 for S. feltiae UNK -36 in manure (30 infective juveniles per maggot) did not differ from that observed in the filter paper assay. However, the LC 50 for S. feltiae SN in manure (4 infective juveniles per maggot) was about one-half the value observed on filter paper. LC gg and LC gS values for S. feltiae SN were 82 and 58 nematodes per host or 104 and 74 nematodes per square centimeter of manure surface area, respectively. Survival of infective stage larval nematodes in manure was examined by placing 5 greater wax moth larvae in cups inoculated with 15,500 or 7,500 and 100 maggots beginning 3 wk after inoculation. No hosts were available for nematode reproduction after the initial 100 maggots. Infective juveniles of the Heterorhabditis bacteriopJwra and S. feltiae persisted for 10 wk (Table 4) . Mortality of the wax moth larvae varied greatly, even within treatments. Therefore, the mortality data were not subjected to statistical analysis.
Discussion
Evaluation of 40 strains of entomopathogenic Heterorhabditis and Steinemema nematodes revealed 7 strains of Steinernema spp. that produced significant levels of house fly mortality (Table 1) . S. carpocapsae, S. feltiae, and S. scapterisci were the most promising; however, strains of S. carpocapsae varied greatly in their virulence. Of the 6 strains of S. carpocapsae eval- uated, 2 produced relatively high mortality, 2 moderate mortality, and 2 very low mortality. Both strains of S. feltiae were highly effective as was the 1 strain of S. scapterisci. None of the Heterorhabditis spp. showed promise for use in house fly control, although several strains successfully reproduced. No differences were observed between maggot survival and adult emergence. This facilitated the later tests to evaluate house fly susceptibility to nematodes in manure substrates. Isolating maggots from these media can be tedious. Adult emergence gave us a more efficient method to measure nematode induced mortality.
Care must be used when comparing these results with those of previous studies at the species level because of changes in taxonomy. Steinernemafeltiae of previous authors (Renn et al. 1985 , Geden et al. 1986 , Mullens et al. 1987a ) were actually S. carpocapsae, whereas S. bibionis of those authors were S. feltiae (Poinar 1990) . Among the Heterorhabditis spp., H. heliothidis of Renn et al. (1985) were H. zealandica, and H. heliothidis of Geden et al. (1986) and Mullens et al. (1987a) were H. bacteriophora.
Steinemema feltiae was the most virulent species toward maggots followed by S. carpocapsae in the filter paper assay. This differs from that of Mullens et al. ( 1987 a), who found S. carpocapsae (= S. feltiae Breton and S. feltiae Mexican) to be more virulent than S. feltiae (= S. bibionis KL and S. bibionis SN). Both our study and that of Mullens et al. (1987) found Heterorhabditis spp. to have low virulence, whereas Geden et al. (1986) reported higher virulence for H. bacteriophora (= H. heliothidis) than S. carpocapsae (= S. feltiae DD-136) and S. glaseri. S. glaseri had very low virulence in both Geden et al. (1986) and our study.
Of the 8 Heterorhabditis species we tested, only 2-H. bacteriophora and H. zealandica-had been examined for virulence toward house flies in previous studies. Three of the 5 Steinemema species had been previously examined. Serial passage through maggots for 10 generations did not change the pathogenicity of any of the Steinemema strains (Table 2) . Although initially disappointing, these results indicate that nematode strains can be screened effectively for pathogenicity toward maggots, and possibly other hosts, without acclimation to that host for several generations. In addition, greater wax moth larvae can be used as hosts for en vivo mass production without reducing pathogenicity toward maggots.
Other studies have documented the pathogenicity of several strains of entomopathogenic nematodes toward house fly larvae in filter paper assays (Renn et al. 1985 , Geden et al. 1986 , Belton et al. 1987 , Mullens et al. 1987a ). However, all of those studies focused upon the use of these nematodes for the control of flies in chicken manure. The eventual failure of these programs was attributed to the nematodes inability to survive in chicken manure (Georgis et al. 1987) . In contrast, we found that the nematodes not only survive and remain infective in manure for> 1 mo, but that their pathogenicity is equal to, or greater than, that observed in filter paper assays (Tables 2 and 3) . Our results appear to differ from those of Shapiro et al. (1996) , who found manure reduced nematode virulence when added to soil as a fertilizer. However, Shapiro et al. examined only S. carpocapsae, a species we did not test in the manure substrate because it did not perform as well as S. feltiae in the filter paper assays. Bednarek and Gaugler (1997) found S. feltiae populations actually increased with the addition of manure to soils supporting our results.
Our persistence studies (Table 4) were conducted in the absence of hosts for nematode reproduction. Presumably, in a feedlot environment, fresh hosts will be available for the nematodes to cycle continuously, thus not only extending the persistence of the nematodes, but possibly increasing the population with time. Based upon the LCgg value of 104 nematodes per square-centimeter of surface area, we project an application rate of 1 million nematodes per square-meter of feedlot. We estimate (unpublished data) that = 10,000 infective juvenile nematodes are produced per maggot. Hence, successful reproduction in 100 maggots per square-meter will maintain a nematode population adequate for 99% control. Skoda et al. (1996) estimated an average population of about 2,200 stable flies, Stomoxys calcitrans (L.), and 4,000 house flies or 6,200 flies total per square-meter throughout the feedlot. Therefore, only .1.5% of the infected maggots would need to support complete nematode development to maintain a constant population at the LCgglevel.
